We characterized general transcriptional activity and variability of eukaryotic genes from global expression profiles of human, mouse, rat, fly, plant, and yeast. The variability shows a higher degree of divergence between distant species, implying that it is more closely related to phenotypic evolution, than the activity. More specifically, we show that transcriptional variability should be a true indicator of evolutionary rate. If we rule out the effect of translational selection, which seems to operate only in yeast, the apparent slow evolution of highly expressed genes should be attributed to their low variability. Meanwhile, rapidly evolving genes may acquire a high level of transcriptional variability and contribute to phenotypic variations. Essentiality also seems to be correlated with the variability, not the activity. We show that indispensable or highly interactive proteins tend to be present in high abundance in order to maintain a low variability.
Introduction
Evolution of gene expression, which has long been a subject of great interest (King and Wilson 1975) , is now being studied on a genomic scale with the help of rapidly growing microarray and genome sequence data (Khaitovich et al. 2004; Oleksiak et al. 2002; Enard et al. 2002; Meiklejohn et al. 2003; Rifkin et al. 2003; Ranz et al. 2003; Denver et al. 2005) . Of particular importance, expression level has been believed to be the best indicator of the evolutionary rate of encoded proteins. Highly expressed genes were found to evolve slowly from bacteria to mammals (Pal et al. 2005; Drummond et al. 2005; Herbeck et al. 2003; Sharp 1991; Duret and Mouchiroud 2000; Subramanian and Kumar 2004; Urrutia and Hurst 2003) . In addition, it has recently emerged as a governing factor behind the apparent relationships between evolutionary rate and other important genomic features. Specifically, the influences of protein-protein interactions and dispensability on evolutionary rate have been disputed on the grounds that their effects may be confounded with gene expression level (Fraser et al. 2002; Bloom and Adami 2003; Fraser and Hirsh 2004; Bloom and Adami 2004; Hirsh and Fraser 2001; Pal et al. 2003; Wall et al. 2005) . In other words, when expression level was statistically controlled, the effects decreased or disappeared. Pal et al. (2003) argued that essential proteins evolve more slowly only because they are highly expressed. To rule out the direct effect of essentiality on evolutionary rate, they argued based on the following two hypothetical relations:
1. Essentiality and transcriptional activity. Each protein molecule may have the same amount of phenotypic contribution to an organism's fitness. Under this hypothesis, proteins that have more phenotypic contribution should have higher levels of active molecules in the cell.
However, the validity of this hypothesis is highly questionable as genes involved in functions such as transcriptional regulation, ligand binding, and signal transduction are required only in small quantities even though they are vital for the organism. High abundance does not necessarily mean high fitness effect.
2. Transcriptional activity and selective pressure. Highly expressed genes may prefer translationally efficient codons, which leads to a slow rate of nucleotide sequence changes (Akashi 2001; Akashi 2003; Akashi and Gojobori 2002) . Recently, using Saccharomyces as a model organism, Drummond et al. (2005) argued that selection may act on codon preference (for translational accuracy) and on amino acid sequence (for translational robustness) to minimize the detrimental effects of protein misfolding. Since they experience more translation events, highly expressed genes should be subject to stronger selective pressure. However, this is hardly applicable to higher eukaryotes. First, the lack of translational selection on codon preference in larger genomes is a well-known phenomenon (Akashi 2001 , dos Reis et al. 2004 Sharp et al. 1995; Shields et al. 1988; Akashi 1997) . Second, in a recent study (Wright et al. 2004) , it has been shown that the number of tissues in which a gene is expressed, not the total amount of translation events across tissues, is an important determinant of evolutionary rate in Arabidopsis. We expect that this should be the case with other multicellular organisms.
Here we propose two alternative relations:
1. Essentiality and transcriptional variability. One can anticipate that essential proteins should have low genetic and physiological variation. To perform core functions in the cell, they are constitutively required in different individuals and physiological conditions. This leads to the expectation that transcriptional variability, which can be expressed as genetic, physiological, or random variation at different levels, may be a better indicator of essentiality than transcriptional activity. To test this hypothesis, we compared the transcriptional variability of genes associated with essential GO categories to that of the other genes. For experimental validations, protein dispensability and interaction data for yeast proteins were used for a measure of essentiality.
2. Transcriptional variability and selective pressure. The presence of high variation among individuals in a population may dictate the action of weak purifying selection on that gene.
One can envision that those genes have evolved to possess a high transcriptional variability to be expressed in specific conditions. In contrast, the genes under strong purifying selection are likely to exhibit a constant level of expression in various conditions, maintaining a limited level of variability. This explains the observation of a correlation between evolutionary rate and tissue specificity (Wright et al. 2004 ). Duplicates could be used as a good source for the quantitative measure of a correlation between expression divergence and sequence divergence (Gu et al. 2004; Gu et al. 2005; Gu 2004) . Drummond et al. (2005) demonstrated that divergence in transcriptional activity correlated with sequence divergence between duplicates in yeast. However, we speculated that divergence in transcriptional variability would correlate better with sequence divergence in eukaryotes. We tested the second hypothesis with a genome-wide analysis followed by the duplicates studies.
In order to provide experimental support for these hypotheses, we made use of a microarray database to extract general transcriptional properties of each gene. An average expression level across a wide range of biological conditions, including different individuals, times, tissues, disease states, environmental conditions, and so on, defined general transcriptional activity. Coefficient of variation (CV), the ratio of standard deviation (SD) over mean, was adopted as a measure of general transcriptional variability. CV has been used as a measure of stochastic fluctuation or "noise" in gene expression (Ozbudak et al. 2002; Elowitz et al. 2002; Blake et al. 2003; Raser and O'Shea 2004) . According to the models of stochastic gene expression, noise should increase as the amount of transcript decreases (Hasty and Collins 2002; Swain et al. 2002) . Low expression level may be coupled with high physiological or genetic variation as well as stochastic variation. Small changes in the amount of proteins that are normally expressed at a low level may have a greater impact on the cell or organism than large changes in the amount of proteins whose normal expression level is high. Therefore, it may be that there is a close correspondence between transcriptional activity and variability.
Materials and Methods
Measuring transcriptional activity and variability. Supplementary Table 1 v n the response, yielding different results according to the type of the response (in this case, ECI, dN, dS, the fitness effect, and protein interaction number). Although practically it produces similar results to PLS, PCR is not designed to determine the influence of the predictors on the response. In fact, PCR failed to distinguish the contribution of the predictors (transcriptional activity and variability) in many cases in our analysis. The R package 'pls' was used to perform PLS. We scaled the predictors to zero mean and unit variance before conducting PLS.
Functional category analysis.
For each GO category with >10 genes, we computed a normalized transcriptional variability (z score) from the CVs of all members of that category. The z score was defined Supplementary Table 4 . The significant categories with more than a total of 100 genes across the species were selected for presentation in Supplementary Tables 2-3.
Results and Discussion

Evolution of general transcriptional properties
We collected Affymetrix microarray data for the species for which a considerable amount of expression profiles have been produced (Supplementary Table 1 The average z score and CV were computed across the datasets within a species to represent general transcriptional activity and variability, respectively.
We needed to check if the expression profiles used in the analysis contained a sufficient amount of data to convey information on the universal transcriptional properties of each gene. To test this, we made comparisons of the z score and CV among the species on the assumption that the transcriptional properties should be evolutionarily conserved. Since human, mouse, and rat had much more microarray datasets than the other species (Supplementary Table 1) , we randomly selected 20 datasets for each species to remove the sample-size effect. For HomoloGene entries whose transcriptional properties were observed in more than one species, we calculated the correlation coefficient for every species pair and found striking correlations in most cases ( Table 1 ). The transcriptional activity is well conserved from yeast to human. Whereas maintaining a high level of similarity among human, mouse, and rat, the variability shows some degree of divergence between distant species. Using the whole data for human, mouse, and rat resulted in the same patterns. These findings suggest that our measures of transcriptional activity and variability reflect inherent biological features which are highly conserved among orthologs, while remaining free of sampling problems. Moreover, the higher level of divergence in the variability over that measured in the activity implies that transcriptional variability might play a more important role in the evolution of phenotypic variations.
Transcriptional activity vs. transcriptional variability
To address our main question, we essentially needed to measure the correlations of these transcriptional properties with various response variables, namely estimates of essentiality and evolutionary rate. The Spearman's rank correlation coefficient was used since it is robust to outliers and able to properly handle different scales of various estimates. We denote the correlation of transcriptional activity as Ra and that of transcriptional variability as Rv. A primary concern during the analysis was the association between transcriptional activity and variability. As mentioned in the Introduction, there seems to be a correspondence between them. We observed the pattern as expected in all the species (data not shown). This led to the use of a partial correlation with which we can measure the correlation of transcriptional activity (or variability) with the response variables when controlling for transcriptional variability (or activity). We denote it as Ra|v (or Rv|a). We also employed multivariate regression to compare the influences of the two predictors on the response variables, as estimated by the regression coefficient or slope (Ca and Cv).
According to Drummond et al. (2006) , noisy variables may result in spurious partial correlations.
In this regard, they suggest the use of principal component analysis (PCA)-based regression approach.
However, if one of the original correlations, Ra or Rv, is found to be much higher than the other, the noise problem will not change the conclusion based on the partial correlations. Therefore, we can simply ask if |Ra| > |Rv| (or |Rv| > |Ra|) when Ra|v (or Rv|a) is significant. However, we also made use of a PCA-based regression method as suggested. We present the percent contributions of transcriptional activity and variability to the first principal component as PCa and PCv in the following sections.
First hypothesis: Essentiality and transcriptional variability
To estimate essentiality, we adopted data from yeast and mouse deletion experiments. Growth rates of yeast deletion strains were measured by an array-based method (Giaever et al. 2004) . Using this dataset, Wall et al. (2005) has recently reported a positive relationship between dispensability and evolutionary rate. As an inverse measure of essentiality, we used the fitness effect, f(i), as 1-g(i)/g(max), where g(i) is the growth rate of the strain with gene i deleted, and g(max) is the maximal growth rate (Hirsh and Fraser 2001) . Mouse genes subject to deletion experiments were obtained from the Mouse Genome Informatics (MGI) database (http://www.informatics.jax.org). We selected genes with the knockout phenotype of lethality (MP:0005373, "lethality-postnatal"; MP:0005374, "lethality-embryonic/perinatal"). The phenotype database included 1,427 essential genes (lethality=1) and 1,956 non-essential genes (lethality=0) according to our criterion. Ra and Rv for the fitness effect and lethality were estimated (Table 2) . We observed significant partial correlations of transcriptional variability (Rv|a=-0.244 and -0.115) while |Rv| > |Ra|. On the contrary, transcriptional activity showed weak correlations (Ra|v=0.057 and 0.015). The regression methods confirmed the disproportionate contribution of transcriptional variability to fitness effect and lethality. Hubs in protein networks are know to be essential, which prompted us to use the number of protein interactions as an estimate of essentiality (He and Zhang 2006).
The same trend was found in our data (Table 2) , which is in good agreement with the previously reported negative relationship between genetic variation in gene expression and the number of protein interactions (Lemos et al. 2004) . It was also shown that this relationship was not confounded by gene expression level.
In order to extend this conclusion to other taxa, a functional category analysis was carried out. For each Gene Ontology (GO) category, the average CV of the genes in the category was obtained, normalized to a z score in each species, and converted to a species-wise z score (see Materials and Methods). Significantly negative z scores indicate that the genes in the category exhibit a low variability relative to the average of all genes in the species. Supplementary Table 2 lists the GO terms with significantly low z scores while Supplementary Table 3 shows those with significantly high z scores (The full list of the species-wise z scores is given in Supplementary Table 4 while the species-specific z scores are available at our supplementary website, http://centi.kribb.re.kr). We find that the GO categories in Supplementary Table 2 are biased toward essential cellular processes such as transcriptional and translational regulation, protein folding and transport, protein catabolism, protein complexation, RNA processing, etc. In terms of the cellular component, the genes located in the nucleus, cytoplasm, mitochondrion, and Golgi apparatus show low transcriptional variability. In contrast, Supplementary Table 3 is enriched for the GO terms associated with extracellular communication such as immune response, cell-cell signaling, cell adhesion, surface receptors, growth factor activity, hormone activity, chemotaxis, etc. In the same context, the genes located in the extracellular space and plasma membrane show high variability. Notably, these findings are strikingly consistent with the results of a recent study by Chuang and Li (2004) . Most of the GO categories reported to have low substitution rates are found in our list of the GO categories with less variable genes, and vice versa. Likewise, there is a remarkable overlap between the GO categories with high substitution rates and those with highly variable genes. These findings are suggestive of correspondence between transcriptional variability and substitution rate.
Evolutionary conservation on a macroevolutionary time scale
As this study spans a long evolutionary time from yeast to human, we needed to estimate evolutionary rates differently than substitution rates between paired nucleotide sequences. One solution was to count the number of genomes in which the gene is present. This approach was successfully used in the previous studies about the relationships between evolutionary rate and protein-protein interactions or protein dispensability (Jordan et al. 2003; Wuchty et al. 2003; Jordan et al. 2002) .
ECI produced results that are consistent with conventional substitution rates. Substitution rates between orthologs cannot be reliably used for distantly related species. Therefore, we calculated them between mammalian orthologs and compared them to the ECI data. Strong inverse correlations were found: Spearman R=-0.362 ~ -0.420 ( P-values<<10 -16 ). Moreover, the correlations of ECI with proteinprotein interactions (Spearman R=0.224) and dispensability (Spearman R=-0.270) were compatible with the reported correlations of substitution rates with protein-protein interactions (Spearman R=-0.21, Fraser et al. 2002) and dispensability (Spearman R=0.230, Wall et al. 2005) . However, using different reference species for the computation of substitution rates has fueled arguments about the association of proteinprotein interactions and dispensability with evolutionary rate (Pal et al. 2003; Wall et al. 2005; Jordan et al. 2003) . In contrast, ECI is expected to offer a global and unified measure of evolutionary rate for diverse organisms spanning a long evolutionary time period. Tables 3-5 show the statistical analysis results regarding the relationship between evolutionary rate and transcriptional properties. First, as a genome-wide analysis, we investigated the influence of transcriptional activity and variability on ECI. As shown in Table 3 , the correlation, partial correlation, multivariate regression, and PCA-based regression analyses all indicate that the influence of variability is much stronger than that of activity. This tendency holds true when we use traditional substitution rates between mammalian orthologs (Table 4 ). The only exception occurred in yeast and will be discussed later.
Second hypothesis: Transcriptional variability and selective pressure
Using ECI as the response variable, all the different statistical techniques showed the same pattern, in favor of transcriptional activity in yeast and variability in the other species. Moreover, the levels of the statistics are comparable among various species (e.g., -0.1 < Rv|a < -0.25, -21 < Cv < -33).
Next, we extracted paralogs information from the HomoloGene database. Accelerated evolution of duplicate gene expression has been shown in yeast and fruit fly (Gu et al. 2004 ). Here, we compared the transcriptional variability of duplicates with that of singletons in all the species for which we obtained data. As shown in Supplementary Fig. 1 , the distributions shifted towards high CV values with gene duplications, indicating increased transcriptional variability among duplicates. We also observed that overall CV values are relatively lower in plant and in yeast as compared to higher eukaryotes. We next asked whether sequence divergence, measured by dN and dS, is better explained by transcriptionalactivity divergence (|z1-z2|, where z1 and z2 mean the transcriptional activity of two paralogous genes) or by transcriptional-variability divergence (|CV1-CV2|, where CV1 and CV2 mean the transcriptional variability of two paralogous genes). For human, mouse, and fly, all the results are supportive of our hypothesis (Table 5 ). In the case of rat, although the correlation and partial correlation analysis failed to detect a specific trend, the regression analysis results strongly support our hypothesis. The signals are relatively weak in plant and yeast; nonetheless, in agreement with the ECI results, the partial correlations indicate that the effect of transcriptional activity is stronger in yeast.
Do highly expressed genes evolve slowly?
We have shown that contrary to the consensus that transcriptionally active genes evolve slowly, evolution shapes transcriptional variability rather than transcriptional activity. Selective pressure seems to act primarily on transcriptional variability. If this is so, how can we explain the apparent correlation between transcriptional activity and evolutionary rate observed in the previous studies?
First, as described in the Introduction, translational selection has mainly explained the correlation (Akashi 2001; Akashi 2003; Akashi and Gojobori 2002; Drummond et al. 2005) . Tables 3 and 5 show that evolutionary rate is still correlated with transcriptional activity in yeast, even after controlling for transcriptional variability. Therefore, if we rule out the effect of translational selection such as in higher eukaryotes (Akashi 2001; dos Reis 2004; Sharp et al. 1995; Shields et al. 1998; Akashi 1997; Wright et al. 2004 ), we can conclude that invariable genes evolve slowly.
Second, from the inverse relationship between the mean and CV, we can speculate that as transcriptional activity increases, relative transcriptional variability will tend to decrease. In biological terms, expression changes of abundant proteins are likely to have smaller effects on the cell than those of scanty proteins. High expression levels may confer tolerance to a fluctuation in the amount, while low expression levels may enable delicate transcriptional regulation. From a stochastic perspective, a high level of transcriptional activity leads to the reduction of random noise, which means a reduced variability.
This explanation can be also applied to the correlation of expression level and essentiality. Indeed, the production of essential proteins was shown to involve lower levels of noise (Fraser et al. 2004 ). These speculations suggest that a high abundance of slowly evolving or essential proteins may be evolutionarily favored to maintain a low variability in expression.
Taken together, the two aspects, the action of translational selection in yeast and the correspondence between transcriptional activity and variability, may explain the apparent correlation between transcriptional activity and evolutionary rate in the previous studies.
Conclusion
In this study, we characterized general transcriptional activity and variability of eukaryotic genes from global expression profiles of various species spanning a long evolutionary time period. While the transcriptional properties were shown to be remarkably conserved during the evolutionary processes, the variability showed a higher degree of divergence between distant species. Transcriptional variability might be related to phenotypic variations and thus, more subject to selective pressure. Indeed, we showed that transcriptional variability should be a true indicator of evolutionary rate. If we rule out the effect of translational selection, which seems to operate only in yeast, the apparent slow evolution of highly expressed genes should be attributed to their low variability. Selective forces may enable phenotypic variations to evolve mainly by shaping transcriptional variability. Furthermore, we suggest that a high abundance of essential proteins may be favored to maintain a low variability in their amount.
Transcriptional variability, rather than transcriptional activity, might be a common indicator of essentiality and evolutionary rate, contributing to the correlation between the two variables. For 31,046 HomoloGene entries whose expression pattern was observed in one or more species, the species-wise correlations of transcriptional activity (below the diagonal) and transcriptional variability (above the diagonal) were computed. To rule out the effect of samplesize bias, we randomly selected 20 datasets for human, mouse, and rat. However, the use of the selected data did not make differences from that of the whole data, underscoring that our measures reflect inherent biological features without regard to sample size. Spearman's rank correlation coefficient was used. , and * for P < 10 Transcriptional-activity divergence (ad) and transcriptional-variability divergence (vd) are the predictor variables. Synonymous substitution rate (dS) and non-synonymous substitution rate (dN) are the response variables. Transcriptional-activity divergence was measured as |z1-z2|, where z1 and z2 mean the transcriptional activity of two paralogous genes. Transcriptionalvariability divergence was measured as |CV1-CV2|, where CV1 and CV2 mean the transcriptional variability of two paralogous genes. See the footnote of Table 2 for details.
